Abstract: Chronic exertional compartment syndrome (CECS) is a significant source of lower extremity pain and morbidity in the athletic population. Although endoscopic techniques have been introduced, open fasciotomy remains the mainstay of surgical treatment because of the paucity of evidence in support of an endoscopic approach. The literature on surgical management of CECS is mixed, and overall success rates are modest at best. Optimizing surgical technique, including prevention of neurovascular injury and wound complications, can make a significant impact on the clinical outcome. Here we present our surgical technique, including pearls and pitfalls, for open 4-compartment fasciotomy for treatment of chronic exertional compartment syndrome.
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C hronic exertional compartment syndrome (CECS) is a significant source of lower extremity pain and morbidity in the athletic population. Although the incidence of CECS in the general population is unknown, it was determined to be 0.49 cases per 1,000 person-years in a physically active military population. 1 When conservative measures fail to resolve symptoms, surgical fasciotomy is indicated.
In a recent systematic review 2 on the surgical management of CECS, the overall success rate was determined to be 66%, the satisfaction rate was 84%, and the rate of return to previous or full activity was 75%. Furthermore, symptom recurrence rate ranged from 0% to 44.7%, the reoperation rate ranged from 0% to 19%, and the overall complication rate was 13%. However, the study does not compare the outcomes of various techniques. Although endoscopic techniques [3] [4] [5] have been introduced, open fasciotomy remains the mainstay of surgical treatment because of the paucity of evidence in support of an endoscopic approach.
The literature on surgical management of CECS is mixed, and overall success rates are modest at best. Optimizing surgical technique, including prevention of neurovascular injury and wound complications can make a significant impact on clinical outcome. Here we present our surgical technique, including pearls and pitfalls, for open 4-compartment fasciotomy for treatment of chronic exertional compartment syndrome.
Indications and Contraindications
Patient selection is perhaps the most significant challenge for surgeons treating CECS patients. Classical "indications" have been consistently reported across publications, but largely consist of symptomatology rather than hard data (Table 1) . 2 The history and physical examination therefore remain the mainstay for indicating a patient for elective fasciotomy. The ideal candidate presents complaining of exerciseinduced pain, fullness/tightness, and neurologic disturbances limited to the associated nerve distribution (e.g., a patient complaining of anterior and lateral compartment pain and fullness without calf discomfort, weakness with dorsiflexion and/or steppage gait, and associated numbness in the lateral leg, ankle, and dorsal foot). The presence of muscle herniations (present in more than 45% of CECS patients and only 12.9% of asymptomatic controls), is the most reliable physical examination finding. 6 In the experience of the authors, patients with these "textbook" presentations have the most favorable response to surgical intervention. Unfortunately, patient presentation is frequently more variable. Diagnostic testing including intramuscular compartment pressure, near-infrared spectroscopy, and in-scanner exercise-based magnetic resonance imaging can provide surgeons objective parameters for indicating patients, particularly in the face of clinical inconsistencies.
The contraindications for this surgery (Table 1) can be summarized as patients with (1) an alternate diagnosis, (2) an insufficient nonoperative course, (3) low functional demand, and (4) limited disease impact. All reasonable steps must be taken to evaluate for alternate etiologies, particularly neurologic and vascular disorders. Variations in the history and physical can help to direct an extended workup. Evaluation for vascular pathology begins with a careful 3-point lower extremity pulse examination, including a positional stress test to rule out popliteus compression. Abnormalities in the examination or resting perfusion should prompt further workup, which may include the following: vascular surgery referral, arterial brachial indices, dynamic Doppler ultrasonography (including unresisted plantarflexion, resisted plantarflexion, and heel raise provocative testing), magnetic resonance imaging (neutral, plantarflex, and dorsiflexed sequences), magnetic resonance angiography (plantarflexed after provocative exercise), and occasionally computed tomography or angiography. Neurologic evaluation should include a T2-weighted intensity ratio threshold !1.54
NOTE. Careful history and physical examination remain the mainstay of diagnosis, with a particular focus on ruling out all other causative factors. Given the potential morbidity and inconsistent surgical outcomes, surgeons should approach chronic exertional compartment syndrome as a diagnosis of exclusion. Because of the inconsistent reliability of diagnostic tools, they should generally be reserved for patients in one of 2 categories: (1) patients with an established clinical diagnosis, an understanding of the risks and benefits of surgical intervention, and a desire to proceed, or (2) patients with an inconsistent clinical picture, with a negative neurologic and vascular workup, and continued significant impact of symptoms on their quality of life. Finally, the clinician must consider the entire constellation of indications and contraindications for each patient, as none of these criteria provide absolute arguments for or against surgical management. complete spine examination with sensory and motor evaluation. Any nonanatomic distributions on history and physical examination, or the presence of objective neurologic deficits at rest, should prompt complete neurologic evaluation with advanced imaging or electromyography as necessary, with specific attention to the lumbar spine. CECS may respond to activity/exercise modifications and gait retraining and should be pursued, particularly in low-demand individuals or recreational athletes amenable to changing sports or training regimens. Although competitive athletes are less likely to tolerate or respond to these strategies, an attempted course is advocated, particularly given the inconsistency of surgical outcomes. Inadequate nonsurgical treatment attempts or poor patient adherence to conservative measures are therefore relative contraindications to surgery. Focused monitoring provides an honest evaluation of disease impact, engages the patient in education and decision 
Technique Patient Positioning
The procedure is performed with the patient under general anesthesia with appropriate prophylactic antibiotics. The patient is positioned supine on the operating table. Thigh tourniquet is applied and inflated.
Anterior and Lateral Compartments
The anterior and lateral compartments are each released using 2 longitudinal incisions: 1 longer distal incision and 1 shorter proximal incision (Fig 1) . A point is marked 11 to 12 cm proximal to the tip of the distal fibula, and midway between the anterior border of the fibula and the tibial crest (Fig 2) . This point marks the center of the 8-cm-long distal incision. Subcutaneous dissection within this incision accounts for anatomic variation as the superficial peroneal nerve exits the crural fascia (Fig 3) . Whether single or multiple branches are identified, this incision is almost universally adequate for direct visualization.
The 3-to 4-cm proximal longitudinal incision is planned 2 to 3 fingerbreadths distal to the Gerdy tubercle and is centered anteroposteriorly overlying the intermuscular septum, which is generally palpable (Fig 1) . This incision overlies the posteroinferior border of the described "Gerdy safe zone," an approximately 45-mm-radius circle centered over the tubercle. 4 The posterior and inferior aspects of the circle's circumference generally describe the course of the peroneal nerve as it courses posterior to anterior about the fibular neck. The positioning of the proximal incision allows the surgeon to complete the proximal fasciotomy in a direct and controlled manner in this region.
The distal incision is made first. Blunt transverse spreading and limited sharp dissection using Metzenbaum scissors is carried through the subcutaneous tissue to the level of the anterior and lateral compartment fasciae, full-thickness skin flaps are raised bluntly, and the nerve is identified (Fig 4) . A combination of blunt finger dissection and the "chopstick" technique with Army-Navy retractors helps to clearly define the fascial plane. Variations in the superficial peroneal nerve path must be appreciated: it may exit directly through the lateral compartment fascia posterior to the septum (most common), through both the anterior and lateral compartments, by traversing a fibrous tunnel within the intermuscular septum, or exit immediately anterior to the intermuscular septum from the anterior compartment alone (Fig 3) . Regardless of this anatomic variation, a careful neuroplasty is carried out as the first step of fascial release, improving its excursion and allowing safe retraction during longitudinal fasciotomy (Video 1). To perform proximal release of the anterior compartment, a 1-cm superficial fascial incision, using a small scalpel or Metzenbaum scissors, is made in the fascia anterior to both the intermuscular septum and the superficial peroneal nerve with posterior retraction of the nerve (Fig 5) ]; Sklar, West Chester, PA) are placed immediately deep into the anterior compartment fascia and passed proximally in the direction of the tibial tubercle, to the level of the planned proximal incision ( Fig  6A) . The scissors are then opened and slowly retracted to develop the plane, taking care not to close the scissors during removal (Fig 6B) . A plane between the subcutaneous tissue and superficial fascia is created in a similar fashion, again directing the tips superficially. Longitudinal fasciotomy is then performed with the same long Metzenbaum scissors. The tips are opened 2 to 3 mm and pointed anteriorly, and maintaining 1 tip 
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on each side of the fascia, the instrument is pushed retrograde to the level of the planned proximal incision (Fig 6C) . Distally, the anterior compartment release is directed toward the anterior aspect of the lateral malleolus, down to the level of the extensor retinaculum, with particular attention to the nerve as it courses anteriorly in the distal subcutaneous space (Fig 7) .
Attention is turned toward the lateral compartment release using the same skin incision. A tiny incision is made in the fascia overlying the peroneal tendons (Fig  8) . Proximal release is carried out in the direction of the fibular head to the level of the planned proximal incision (Fig 9) . Scissor tips are then curved away from the tibial crest and visualized; the superficial peroneal nerve is then retracted anteriorly to avoid injury. Passage is ideally performed with a single pass. Of note, passage of the scissors should be done smoothly in 1 direction, as any backward movement may cause the tips to fall off the fascia. If tips fall off the fascia in a portion of the fascia that cannot be directly visualized, a 3-to 4-cm accessory incision should be made at that location (Fig 10) . Distally, release is directed toward the posterior aspect of the lateral malleolus, down to the level of the ankle joint (Fig 11) .
Next, the planned 3-to 4-cm proximal incision is made (Fig 12) . Skin flaps are elevated bluntly. Using this incision, the proximal extents of the anterior and lateral releases are identified and extended proximally to the level of Gerdy tubercle (Fig 13) . Direct visualization in this area allows for complete and controlled release with avoidance of the peroneal nerve branches as they course into their respective compartments. Occasionally, fascial bands are identified about the fibular neck that directly compress the branches, and this proximal incision also allows for direct release in these cases. These fascial bands have been identified in series of patients failing initial fasciotomy, and visualization through this proximal incision allows release and may decrease failure risk.
The lateral wounds are packed with moist gauze and the tourniquet is released. This step allows for visualization and control of any significant bleeding in the anterior and lateral compartments. It also facilitates direct visualization and palpation of the saphenous vein and the posterior tibial bundle, which the authors find helpful during fasciotomy of the superficial and deep posterior compartments. 
Superficial Posterior and Deep Posterior Compartments
The superficial posterior and deep posterior compartments are released through a single 8-cm incision on the medial side of the leg (Fig 1) . This incision is centered 2 cm medial to the posterior crest of the tibia, at the junction of the middle and distal one-thirds of the leg (Fig 14) . Incision is made and a combination of blunt and sharp dissection is carried down to the level of the fascia. Remaining subcutaneous tissues are cleared using finger sweep dissection. Next, the saphenous nerve and vein are identified just medial and posterior to the medial border of the tibia, overlying the deep posterior compartment fascia (Fig 15) . These are retracted and protected as necessary. An approximately 5-cm incision is made in the fascia using a scalpel under direct visualization (Fig 16) . With Metzenbaum scissors, this is then extended proximally and diagonally (anteroinferior to posterosuperior) across the medial head of the gastrocnemius, up to the level of the knee joint (Fig  17) . Distally, the release is extended to the level of the distal Achilles tendon with special care to avoid the sural nerve.
Once the superficial posterior compartment is released, the posterior neurovascular bundle (posterior tibial artery/vein, tibial nerve) may be visualized within the deep posterior compartment, posterior to the medial border of the tibia (Fig 18) . As previously noted, tourniquet release prior to superficial and deep posterior compartment fasciotomies aids in visualization of the posterior neurovascular bundle. Any vessels crossing over the deep posterior compartment are ligated with curved Kelly clamps and electrocautery or are tied off with 2-0 Silk (Fig 19) . To gain access to the proximal portion of the deep posterior compartment, the soleus bridge (soft tissue connection between the soleus muscle and the periosteum of the tibia) 5 must be released. To begin the deep posterior compartment release, a 1-cm superficial incision is made 1 cm medial to the medial border of the tibia. The deep posterior compartment fascia and the soleus bridge are released simultaneously by running a periosteal elevator or finger along the posteromedial border of the tibia (Fig 20) . Directly visualized fascia is released using Metzenbaum scissors. Distally, release 
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is completed toward the posterior aspect of the medial malleolus (Fig 21) .
Postoperative Rehabilitation
The optimal postoperative rehabilitation program after elective fasciotomy has not been established. Presented here is the preferred protocol of the senior surgeon (L.M.J.) used in all patient groups. Patient response is variable, and many patients are able to advance activity faster than the rehabilitation guidelines allow. The senior author (L.M.J.) allows advancement as tolerated as long as the patient is pain-free and reports excellent outcomes with this approach. Another author (M.A.Z.) has seen overly aggressive progression in some high-level and combat athletes, and anecdotally notes chronic residual pain along the fasciotomy when progression is too rapid. In this subset of highly motivated patients, he considers increased supervision, strict adherence to the "pain-free" protocol, and addition of a controlled ankle motion (CAM) boot during phase I and phase II (except for rehabilitation and sleep). platform system) board, pain-free calf-press and leg-press, limited to <25% body weight. 
Discussion
Study of clinical outcomes of patients treated for CECS demonstrate mixed results. In a study of 7 patients with CECS of the leg, ultrasound-guided fasciotomy was performed.
12
Comparison of preoperative and postoperative pain demonstrated a decrease in pain in all patients. All but 1 patient in the sample returned to presymptomatic exercise levels. Another study of 18 CECS patients showed significant improvement in Short Form 36-item Health Survey and EQ-5D scores and significant increases in the amount of patients that returned to preinjury or higher level of sport after single minimal incision fasciotomy. 13 Most studies showing the effectiveness of fasciotomy as a treatment option for CECS have small cohort sizes. A retrospective case-series study of 95 legs of CECS patients showed significant long-term improvement (measured by the Tegner Activity Score, numerical analog scale, Short Form-12) in patients' activity level and quality of life after undergoing single-incision fasciotomy.
14 When comparing CECS patients who had nonoperative treatment with those who undergo operative treatment, the operative group had higher satisfaction rates. 15 The operative group's satisfaction rates were higher in those who were in high school or college versus those who were postcollege. 15 Campano et al. 2 demonstrated in their systematic review of the literature that it is difficult to standardize clinical outcomes across studies. They offered a combined cumulative success rate of 66% (range, 48%-100%; standard deviation 15%).
Current available literature estimates the rate of nerve-related complications to be 5% and an 11% to 13% overall complication rate, which includes hemorrhage, infection, thromboembolism, vascular injury, and skin breakdown (Table 2) . 2, 14, [16] [17] [18] The superficial peroneal nerve (SPN) typically originates from the common peroneal nerve at or distal to the level of the fibular neck and travels through the lateral compartment as it supplies motor and sensory innervation to the lower leg. 19 However, studies have shown that the SPN can originate proximal to the fibular neck and can also travel through the anterior compartment of the leg. [20] [21] [22] [23] Ducic et al. 19 dissected 111 legs and discovered the SPN traveled through the lateral compartment in 69.4% of the legs, through the anterior compartment in 8.1% of the legs, had branches in both the anterior and lateral compartments in 16.2% of the 
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legs, and was within the intermuscular septum in 6.3% of the legs. It is therefore essential to understand the anatomic variability of the SPN to perform successful fasciotomy and avoid iatrogenic nerve damage.
Advantages and Disadvantages
There are inherent advantages and disadvantages to all surgical techniques. The described multiple-incision technique, in our practice, has helped to produce consistent results while limiting the complications of elective fasciotomy. The advantages and disadvantages of our technique are listed in Table 3 . In particular, direct visualization of the neurologic structures both medially and laterally carries significant benefit. Iatrogenic injury is exceedingly uncommon with such visualization. The surgeon can also directly decompress the nerve at its fascial perforation. Residual entrapment at this perforation, even in the setting of a complete fasciotomy, can cause residual symptomatology. Because of the increased proximal-distal spread of incisions laterally, there is greater access to control bleeding intraoperatively with the tourniquet released, limiting postoperative hematomas and associated wound complications. Finally, the surgeon can confirm a complete fasciotomy either visually or manually along the entire length of the leg, which is particularly useful in considering the condition of recalcitrant cases postoperatively.
Despite these benefits, the use of multiple incisions may cause increased pain and cosmetic morbidity for patients. The lateral skin bridge has potential for cutaneous vascular compromise if incisions are placed in close proximity with one another or if the bridge is undermined too aggressively. Additionally, the medial incision has been the most painful and most frequently implicated incision for wound healing complications, which may be avoided using a laterally based technique for the superficial and deep posterior fasciotomy in exchange for other potential risks. Although our experience has shown more consistent results using the multiple incision technique presented here, several authors have reported equivalent success rates in their practices using minimally invasive single incision or endoscopic fasciotomies. It is therefore important for surgeons to evaluate their own preferred risk-benefit profile when identifying their preferred technique. 
